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Abstract         ^  

The performance of the respected Frank-Zook penetration algorithm (Zook, 
J. A., Frank, K., and Silsby, G. F., 'Terminal Ballistics Test and Analysis 
Guidelines for the Penetration Mechanics Branch/' BRL-MR-3960, January 1992) 
is examined in light of an anticipated class of target technologies involving 
laminated targets whose layers are thin relative to the projectile diameter. This 
class of target designs encompasses multifunctional integral armors and, in the 
limiting case, armors incorporating functionally-graded materials. Such armor 
classes represent potential candidates for the Army's Future Combat System. 
The ability to effectively model the ballistic response of advanced armors is 
paramount to accurately assessing system lethality and vulnerability for future 
weapon systems and platforms. 
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ABSTRACT 

The performance of the respected Frank-Zook 
penetration algorithm (Zook et dl., 1992) is examined in 
light of an anticipated class of target technologies involving 
laminated targets whose layers are thin relative to 
the projectile diameter. This class of target designs 
encompasses multifunctional integral armors and, in the 
limiting case, armors incorporating functionally-graded 
materials. Such armor classes represent potential candidates 
for the Army's Future Combat System. The ability to 
effectively model the ballistic response of advanced armors 
is paramount to accurately assessing system lethality and 
vulnerability for future weapon systems and platforms. 

1. MOTIVATION 

The Survivability/Lethality Analysis Directorate 
(SLAD) and the Weapons and Materials Research 
Directorate (WMRD) of the Army Research Laboratory 
(ARL) are jointly working in the area of Target Interaction 
Lethality/Vulnerability (TILV) - Ballistic Damage of 
Advanced Material and Armor Systems. SLAD is 
upgrading their MUVES S2 suite of vulnerability/lethality 
models (Hanes et al, 1988) as part of the TBLV program. 
Vulnerability/lethality models are being constantly 
challenged by new, sophisticated and complicated armor 
technologies. Although there can be tremendous variations 
in these new technological advances, they can be 
generalized under the following categories: spaced and 
layered solutions, reactive and passive appliques, ceramic 
solutions, impact-energy absorption techniques, advanced 
metals and matrix geometries, functionally graded materials 
(FGMs), electromagnetic techniques, and polymer solutions 
(transparent armors). These new armor design technologies 
are surfacing as potential candidates for both foreign and 
U.S. ground/air combat systems. The U.S. Army's Future 
Combat System may include many of these armor classes. 

To understand the implications of these new ballistic- 
protection technologies before they become fielded on 
future systems, this collaborative effort has been established 
to develop a physically-based penetration model that is 
suitable for implementation into the MUVES S2 suite of 
models. A "building block" approach has been adopted 
wherein the currently utilized penetration equations are first 
examined and refined to better estimate the ballistic 
performance of laminated spaced armor solutions versus 
kinetic energy projectiles, with an eye towards eventually 

developing penetration equations to accurately estimate the 
ballistic response of FGMs. 

Traditional penetration methodologies, like those of 
Täte (1967) and Alekseevskii (1966), were developed for 
rods penetrating idealized semi-infinite target blocks. As 
such, target resistance variations along the shotline were not 
an issue. Later analyses (Wright and Frank, 1988; Täte, 
1986; Walker and Anderson, 1995) showed that the 
property of target resistance represents an integral of 
stresses throughout the plastic zone in the target, ahead of 
the rod/target interface. In the course of penetration, when 
this plastic zone crosses the interface between two adjacent 
target plies, one may infer that the local target properties 
should be properly composed of material properties from 
both of the entrained plies. In this manner, the transition of 
"effective" material properties penetrating from one target 
ply into the next should be continuous, rather than discrete. 

The Frank-Zook (FZ) penetration algorithm (Zook et 
al, 1992), used widely within the ARL for both terminal 
ballistic evaluation and vulnerability assessment, considers 
this interply transition process. However, since it was 
developed when long rods and relatively thick target 
elements represented the prevalent engagement scenario, the 
FZ algorithm computes this transition effect a single target 
element at a time (i.e., it only senses one target element in 
advance). 

The FZ algorithm can accurately sense and respond to 
the situation where, for example, the penetration channel 
proceeds from a weak target element into a strong target 
element. The effective resistance offered by the target 
would gradually and smoothly transition from the weak 
value, just reaching the strong value of resistance as the 
penetrator/target interface reaches the strong target element. 
If a rod of diameter D is penetrating target element i, the 
influence of target element z'+l upon the effective target 
resistance H is evaluated by the FZ model as 

H=Hi+(HM-Hi)e~2T"^°  , (l) 

where the //, are the target-element component resistances, 
and Tres is the residual, normal thickness of target element i 
yet to be penetrated. In the absence of this modeling 
enhancement, the transition in target resistance would be 
unrealistically abrupt. 

However, implementing this realistic enhancement 
within the FZ algorithm is accomplished only a single 
interface at a time (i.e., target elements i+2, etc. do not affect 



the effective resistance). Thus, if the finite target volume 
contributing to the target resistance realistically entrained 
several target/target interfaces, the FZ algorithm would only 
account for the one closest to the penetrator/target interface. 
Such a situation can realistically arise in several situations. 
One is where there exists a target composed of elements that 
are thin compared to the penetrator diameter, possibly as in 
the case of targets designed for small- and medium-caliber 
threats. In this case, the plasticity zone will entrain not two, 
but a larger number of target element layers simultaneously 
(Fig. 1). For such targets, the FZ algorithm will be ill-suited 
to model the transition of "effective" target resistance and 
density along the shotline. Though the problem can be quite 
severe when the target-layer thickness is a fraction of the 
projectile diameter, the effect is still evident to a much lesser 
extent, even as the target-element thickness is increased to 
several projectile diameters. 

Another example in which several target/target 
interfaces could be entrained in the zone of target material 
contributing to target resistance is when a target element is 
barely clipped by the penetrator shotline. This latter 
situation can arise even if the individual target elements are 
otherwise thick. And since, from the point of view of a 
statistical vulnerability computation, the process of selecting 
and calculating penetrator shotline geometries is fully 
automated, the vulnerability analyst has little or no control 
in preventing very thin target elements from arising along a 
given shotline geometry, even for large-caliber targets. 

2. DISCUSSION 

A remedy to these types of problems is offered and 
accomplished by a novel adaptation of elements from a 
model by Walker and Anderson (1995) into the FZ 
framework. In so doing, the target's material properties and 
nonsteady-kinematic properties are dynamically composed 
via an integration through the plastic zone in the target, 
ahead of the rod/target interface. Though the Walker- 
Anderson model does not even address the issue of 
multilayer targets, the assumed flow field kinematics of 
their model provide enough information to isolate and 
dynamically calculate an integrated contribution from each 
layer in a given laminate target towards the aggregated or 
"effective" target properties. 

Plastic 
Zone 

Target element:   i 

Fig. 1. Plastically entrained elements contribute to 
"effective" target properties, e.g., resistance H = H(i,j, k, m). 

This integration is accomplished by using the extended 
Bernoulli equation (Segletes and Walters, 1999) to yield the 
relation that governs the rod/target interaction. The 
equation includes aggregated terms summed from all of the 
layers of target material entrained in the plastic zone: 

f        1      ' 
F    2 L) 

Pp(Y-uy+Y- pFs 
(V+£/) = 

kTpU2+H+Xu—+Xa—+XK — 

(2) 

U       "a       " R 
where fa, pF, Y, V, and s are the shape factor, density, 
strength/resistance, velocity, and plastic-zone extent in the 
rod of length L and diameter D, while kT, p , H , U and a 

are the corresponding values for the target interface. The X 
terms are nonsteady-influence terms defined below. 
Namely, for a plastic zone of thickness (a- 1) times the 
crater radius R, spanning across target elements i = m to n, 
of density pn, where the (i-\) —> i intra-target interface is 
positioned at z= (ß,-\)R with respect to the rod/target 
interface (with ß„ - 1, ß„x = a), the following generalized 
expressions for the target parameters are obtained: 
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These results reduce to those of Walker and Anderson 
(1995) for the case of monolithic targets, wherein 
m = n = 1, and the limits on ß correspond to the extent of 
the plastic zone as ß, = 1, and ßi = a. 

3. RESULTS 

A test series was conducted by personnel at ARL's 
Experimental Facility 110, using the 14.5 mm B32 armor- 
piercing projectile, weighing 63.5 g and consisting of a 
53 mm, 41 g hardened-steel (Re 65) core surrounded by a 
brass jacket (Fig. 2). The gun-breech powder loading was 
altered to systematically vary the projectile velocity. 

The projectile was modeled as a 63.5 g homogeneous 
steel slug, 66.5mm long x 12.45mm diameter, equaling the 
overall length and mass of the B32 projectile. Because the 
sharpened B32 core penetrates as a rigid body, the shape 
factor, kT, of the target flow was set to 0.15 rather than 0.5, 
reflecting the reduced momentum transfer imparted to a 
sharpened body as compared to the stagnation flow of blunt- 



body penetration. This revised kT value is based on the fact 
that the force required to turn an inviscid flow through an 
angle of 9 is proportional to (1 - cosÖ). This suggests that 
kT take on the value 1/2(1- cos5), where 8 is the half-angle 
of the rigid-projectile nose, approximately 45° for the tip of 
the B32 core. It is important to note that without accounting 
for the influence of both the brass-jacket mass and the 
pointed aspect of the rigid core, the calibration tests of 
B32 penetration into "semi-infinite" 5083 aluminum 
underestimated the penetration, as shown in Fig. 3. 

Into semi-infinite and finite-plate targets, the FZ and 
revised models both perform well, as anticipated and shown 
in Fig. 4. The material modeling parameters for all 
calculations are given in Table 1. Values for target 
resistance were selected to fit the data, but are compatible 
with various analytical estimation techniques. Plastic-zone 
extent values will be subsequently discussed. The slight 
discrepancy between models was caused by introducing the 
integrated {i.e., "effective") and nonsteady terms of 
equation (2) in the revised modeling approach. 

However, to appreciate the distinction between the 
original and revised methodology, consider the 23 mm plate 
of 5083 aluminum that composed the target of Fig. 4b, and 
augment the target by adding a 0.8 mm mild-steel backing 
plate to the rear of the aluminum plate. Fig. 5 presents the 
data as well as modeling predictions, including those for the 
original configuration without the steel backing. The 
addition of this thin plate should have a minimal effect 
on the ballistic resistance of the target, which is indeed 
reflected in the data.    And while the revised modeling 

Table 1. Material Modeling Parameters' 
Projectile Material pr 

(kg/m3) 
Y 

(GPa) 
Steel (Rc65) 7850     4.46 

Target Material ^ H    Plastic Zone Extent 
 (kg/m3)   (GPa) PZE/D 

5083 Al. (BHN 103) 2700 1.92 5.1 
Mild Steel (BHN 93) 7850 2.09 3.5 

HHA(BHN500) 7850 6.15 3.5 
Acrylic 1190 0.62 3.5 

"Target rear surfaces modeled with 0.5GPa spall strength 

corroborates this minimal influence, the original model 
improperly accentuates the effect. However, it is not the 
resistance of steel backing that in and of itself produces this 
effect in the original model. Rather, the error is introduced 
while penetrating the aluminum plate, since the rod is at that 
moment unaware that the target rear surface exists. As 
such, it is the failure to perceive incipient breakout (and the 
associated diminution of resistance) while penetrating the 
aluminum that results in the underestimation of residual 
velocity, Vr, by the original model. 

0   Experiment                                                                  / 
 Core & Sheath, Pointed Tip                                          P     // 

10-   Core only, Blunt Tip                                                     /       •/ 
 Core only, Pointed Tip                                              /     /, 
 Core & Sheath, Blunt Tip                                    -/     ■ / 

/^ 
/// ,-■•' 

•/// 
5 - // A< 

y^ sSS" S\s 
J^*" ^S^*" 

0- —-~^^ 
0  100  200  300  400  500  600  700 

Vs(m/s) 
Fig. 3. Penetration of B32 into 5083 aluminum using 
various modeling assumptions. 
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Fig. 2. The B32 armor-piercing core and projectile. 

500      600      700      800      900     1000     1100 

V„(m/s) 

(b) 

Fig. 4. Comparison of FZ model and revised model for B32 
against (a) semi-infinite 5083 aluminum, and (b) 23 mm 
plate of 5083 aluminum at 0° obliquity. 



As a second example, consider the same 23 mm target 
of 5083 aluminum, this time backed by a 9.6 mm high-hard 
armor (HHA) plate. Even though the HHA element is not 
nearly so thin as the mild-steel backing of the previous 
example, it is still thin enough, relative to the 12.45 mm 
projectile core, for the original model to suffer the identical 
problem for the same reason, as shown in Fig. 6. For the 
original model to better match the data, the HHA target 
resistance would have to be lowered nearly 40% to an 
artificially low value of 3.75 GPa. 

To remove any lingering doubt that the root of the 
original model's problem arises from its treatment of 
subsequent target elements only one at a time, consider the 
aluminum/HHA target under discussion with a 2.8 mm 
acrylic interply between the aluminum and HHA. While it 
may be surmised that the interply's contribution 
to the target's ballistic resistance should be minimal, that 
influence should nonetheless be a trend of slight 
strengthening. Thus, the residual-velocity curves of Fig. 7 
depict both the inconsistency that can occur when the model 
can only sense one advance target-element at a time, as well 

^yy 
cdr/ ■P'y 

.^yy 
Without backing                y/s''' 

800- 

^4r  /              With backing 
*?ry 
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600- yjTy' 
sZ^/ 
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4UU ■ ■tr   Revised model: With & without backing '        /  Original (FZ) model: With & without backing 

/ 
600 800 

V(m/S) 

Fig. 5. Comparison of FZ model and revised model for 
B32 against 23 mm plate of 5083 aluminum with and 
without 0.8 nun mild-steel backplate. 
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Fig. 6. Comparison of original and revised models for B32 
vs. target consisting of 23 mm 5083 aluminum plus 9.6 mm 
HHA. 

as the correction offered by the revised modeling. Contrary 
to both expectation and data trend, adding the acrylic 
interply significantly weakens the overall target resistance, 
according to the original methodology. The cause for this 
inconsistent behavior may be understood from Fig. 8, which 
portrays the target resistance as a function of location 
through the target. 

3.1 Analysis of Model Parameter Influence 

In particular, Fig. 8 depicts how the original model 
perceives these two target configurations quite differently. 
For the baseline case without the interply (Fig. 8a), the FZ 
algorithm properly senses the influence of the strong HHA 
plate while penetrating the 5083 aluminum, but fails to 
detect the rear surface of the target prior to actually entering 
the HHA element. Thus, the resistance undergoes a large 
and instantaneous correction upon entering the HHA plate, 
since the target free surface then becomes recognized. 
Because of the overestimated resistance while penetrating 
the aluminum, the original algorithm underpredicts the 
residual velocity (V,) exiting the baseline target. Once in the 
HHA plate, only one interface {i.e., the rear surface) is 
entrained in the target's plastic zone. Consequently, the two 
models exhibit nearly identical behavior at this point; the 
small differences are attributable to the difference between 
the FZ formulation for resistance given by eqn (1) and the 
revised formulation given by eqn (4). 

For the test case containing the acrylic interply 
(Fig. 8b), the influence of the hard HHA plate is not sensed 
by the FZ algorithm while penetrating the 5083 element 
until the acrylic is actually reached. Rather, the 5083 plate 
senses only the weak acrylic interply. As such, the original 
algorithm underestimates the target resistance in the 
aluminum and overpredicts the residual velocity exiting the 
test-case target. 

In contrast, the revised algorithm, by simultaneously 
accounting for all the relevant target elements and free 

0    Experiment: Target without interply Without interply / T sr 
O    Experiment: Target with interply /jw#T    / 
  Revised model: With & without interply 

yy\ y 
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/ &          / 
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Fig. 7. Effect of 2.8 mm interply layer of acrylic on 
original and revised models for B32 vs. target consisting 
of a 23 mm 5083 aluminum plus 9.6 mm HHA baseline. 
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surfaces in proportion to their actual influence, properly 
captures both the magnitude and sense of the ballistic trend. 
While the original formulation can experience large 
instantaneous jumps in target resistance [recall that one 
purpose of eqn (1) was to help avoid this occurance], even 
the revised formulation seen in Fig. 8 experiences a small 
instantaneous jump of around 0.35 GPa at the rear surface of 
the 5083 target element. The source of this jump is the 
difference in plastic-zone extent modeled for the aluminum, 
compared with that for the other target materials. 

Before discussing the influence of the plastic-zone- 
extent parameter on results of the revised model, the 
magnitude of this target-resistance jump represents the error 
introduced by assuming that the flow field in the plastic 
zone obeys the spatially hemispherical function selected by 
Walker and Anderson (1995), even as that flow field 
extends across material interfaces. The use of this flow- 
field assumption across material interfaces is a valid 
criticism of the revised formulation, reflecting the fact that 
the actual plastic zone shape ahead of the rod/target 
interface will not, in reality, remain hemispherical across an 

0- 

 Revised Model - No Interply 
 Original Model - No Interply 

CO 

a 

I' 

Revised Model - with Interply 
■ Original Model - with Interply 

0 10 20 30 

z(mm) 

(b) 
Fig. 8. Target resistance vs. location for target consisting of 
23 mm 5083 aluminum plus 9.6mm HHA, (ä) without 
interply, (b) with 2.8 mm acrylic acrylic interply. 

interface of dissimilar materials. However, despite this 
criticism, the assumption is nonetheless a significant 
improvement over the original formulation in this regard, as 
reflected in Fig. 8. A future improvement to the revised 
model can be achieved by transitioning the plastic-zone 
.extent gradually, as an interface is approached, rather than 
abruptly, as is currently done. With such an improvement, 
the target resistance would always remain continuous with 
position. 

As listed in Table 1, the plastic-zone extent (PZE) in 
the 5083 aluminum was taken as 5.1 projectile diameters, 
compared with a value of 3.5 for the other target materials. 
While this alteration was done to improve the fit to data, an 
analytical method for estimating this parameter from 
material properties is planned for future work. This 
alteration to the aluminum's plastic-zone extent provides an 
opportunity to study this parameter's effect on the revised 
model. The influence of an alteration in aluminum's PZE, 
from a value of 5.1 to 3.5 on the revised-model predictions, 
is shown in Table 2 for data from various figures. And 
while the impact on the model predictions of Fig. 7 may 
seem large, much of that is attributable directly to the fact 
that the low-velocity data is very close to the ballistic limit, 
where small model changes of any type can have a large- 
percentage influence on the residual velocity. For the data 
in Fig. 7, the influence of the cited change in PZE drops to 
7% for striking speeds above 700 m/s, and to under 2% by 
1000 m/s striking speed. It appears that model results, at 
least in the cases studied to date, are not overly sensitive to 
the selection of this parameter. 

4. CONCLUSIONS 

When investigating the ability of the current FZ 
penetration algorithm to predict the ballistic performance of 
targets comprising thin (or functionally-graded) elements, a 
deficiency was noted arising from the algorithm's ability to 
examine the influence of only one leading target element at 
a time. A remedy has been offered that incorporates 
elements of a model by Walker and Anderson (1995) into 
the existing FZ framework. Both models were compared 
against data for the 14.5 mm B32 penetrator against several 
target configurations designed to probe the perceived 
algorithm deficiency. The revised model compares well to 
data, for several different test cases, offering notable 
improvement over the original methodology for the cases 

Table 2. Influence of Plastic-Zone-Extent Variation 
On What Fig. Influence of PZE variation 

from 5.1 to3.5xZ> 
Penetration 3 <0.5%. 
Residual Velocity 5 <2% 
Residual Velocity 7 ~30%atVs = 580m/s 
Residual Velocity 7 ~7%atV, = 700m/s 
Residual Velocity 7 <2%atV,= 1000m/s 



studied. These modeling remedies and enhancements are 
being considered for incorporation into the Army Research 
Laboratory's MUVES code, as part of ARL's 
vulnerability/lethality calculation methodology. 
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PICATINNY ARSENAL NJ 
07806-5000 

COMMANDER 
USARMYARDEC 
E ANDRICOPOULOS 
PICATINNY ARSENAL NJ 
07806-5000 

COMMANDER 
USA STRATEGIC DEFNS CMD 
CSSDHLLTCROWLES 
HUNTSVILLE AL 35807-3801 

COMMANDER 
US ARMY AVIATION & MISSLE 
COMMAND 
AMSAMRDPSWF 
SHILL 
D LOVELACE 
M SCHEXNAYDER 
REDSTONE ARSENAL AL 
35898-5247 

12 

ORGANIZATION 

MIS DEFNS & SPACE 
TECHNOLOGY 
CSSD SD T K H JORDAN 
PO BOX 1500 
HUNTSVILLE AL 34807-3801 

COMMANDER 
US ARMY RESEARCH OFFICE 
KTYER 
J BAILEY 
SF DAVIS 
PO BOX 12211 
RESEARCH TRIANGLE PARK NC 
27709-2211 

NAVAL AIR WARFARE CTR 
SAFTNNEGAN 
BOX 1018 
RIDGECREST CA 93556 

COMMANDER 
NAVAL WEAPONS CENTER 
NFASIG CODE 3261 
TTYEE CODE 3263 
D THOMPSON CODE 3268 
W J MCCARTER CODE 6214 
CHINA LAKE CA 93555 

COMMANDER 
NAVAL SURFACE WARFARE CTR 
DAHLGREN DIVISION 
HCHEN 
D L DICKINSON CODE G24 
CR ELLINGTON 
C R GARRETT CODE G22 
W HOLT CODE G22 
WEHOYEG22 
RMCKEOWN 
J M NELSON 
MJ SILL CODE Hll 
WJSTROTHER 
ABWARDLAWJR 
L F WILLIAMS CODE G33 
17320 DAHLGREN RD 
DAHLGREN VA 22448 



NO. OF 
COPIES ORGANIZATION 

NO. OF 
COPIES ORGANIZATION 

AIR FORCE RESEARCH LAB 
MUNITIONS DIRECTORATE 
BLDG13 
MNAC W COOK 
MNAC M NIXON 
MNM 
MNMW J FOSTER 
MNMW J HOUSE 
MNMI BMILLIGAN 
MNAL DBRUBAKER 
MNAL B PATTERSON 
101WEGLINBLVD 
EGLIN AFB FL 32542-6810 

USAF PHILLIPS LABORATORY 
VTSI 
RROYBAL 
KIRTLAND AFB NM 87117-7345 

USAF PHILLIPS LABORATORY 
PL WSCD F ALLAHDADI 
PV VTA D SPENCER 
3550 ABERDEEN AVE SE 
KIRTLAND AFB NM 87117-5776 

AFITENC 
DAFULK 
WRIGHT PATTERSON AFB OH 
45433 

FED BUREAU OF INVESTIGATION 
FBI LAB - EXPLOSIVES UNIT 
M G LEONE 
935 PENNSYLVANIA AVE NW 
WASHINGTON DC 20535 

LOS ALAMOS NATIONAL LAB 
LHULL MSA133 
JVREPA MSA133 
J WALTER MSC305 
EJCHAPYAK MSF664 
PHOWE MSP915 
J KENNEDY MSP915 
PO BOX 1663 
LOS ALAMOS NM 87545 

30      SANDIA NATIONAL LABS 
ATTN MAIL SERVICES MS-0100 
JANG MS0310 
PYARRINGTON MS0310 
WTEDESCHI MS0479 
B LEVIN MS0706 
A ROBINSON MS0819 
TTRUCANO MS0819 
P TAYLOR MS0820 
RBRANNON MS0820 
MKIPP MS0820 
D CRAWFORD MS0820 
LCHHABILDAS MS0821 
PSTANTON MS0821 
JMMCGLAUNMS0835 
ESHERTELJR MS0836 
LNKMETYK MS0980 
R REEDER MS0980 
J SOUTHWARD MS0980 
RLAFARGE MS0986 
RTACHAU MS1156 
M FURNISH MS1168 
M FORRESTAL MS1174 
W REINHART MS1181 
D HAYES MS1181 
JASAY MS1181 
EWREECE MS1185 
DP KELLY MS1185 
CHALL MS1209 
J COREY MS1217 
CHILLS MS1411 
M VIGIL MS1454 
PO BOX 5800 
ALBUQUERQUE NM 87185-0100 

4       DIRECTOR 
LLNL 
MSL35 
RETIPTON 
DBAUM 
M MURPHY 
TMCABEE 
PO BOX 808 
LIVERMORECA 94550 



NO. OF 
COPIES   ORGANIZATION 

NO. OF 
COPIES   ORGANIZATION 

DIRECTOR 
LLNL 
MSL122 
R PIERCE 
RROSINKY 
OJALFORD 
D STEWART 
TVIDLAK 
BRBOWMAN 
WDIXON 
PO BOX 808 
LrVERMORE CA 94550 

DIRECTOR 
LLNL 
FA HANDLER L182 
PO BOX 808 
LIVERMORE CA 94550 

DIRECTOR 
LLNL 
MS L282 
WTAO 
PO BOX 808 
LrVERMORE CA 94550 

DIRECTOR 
LLNL 
MSL125 
DRFAUX 
NWKLINO 
PO BOX 808 
LIVERMORE CA 94550 

DIRECTOR 
LLNL 
MSL290 
A HOLT 
J E REAUGH 
PO BOX 808 
LIVERMORE CA 94550 

DIRECTOR 
LLNL 
R BARKER L159 
PO BOX 808 
LrVERMORE CA 94550 

DIRECTOR 
LLNL 
SGCOCHRANL389 
PO BOX 808 
LIVERMORE CA 94550 

DIRECTOR 
LLNL 
MSL163 
M FINGER 
RPERRET 
WSHOTTS 
PO BOX 808 
LrVERMORE CA 94550 

DIRECTOR 
LLNL 
MS L178 
H KRUGER 
GPOMYKAL 
M GERASSIMENKO 
PO BOX 808 
LTVERMORECA 94550 

DIRECTOR 
LLNL 
MS L180 
G SIMONSON 
ASPERO 
PO BOX 808 
LIVERMORE CA 94550 

DIRECTOR 
LLNL 
MSL495 
D GAVEL 
J HUNTER 
PO BOX 808 
LIVERMORE CA 94550 

DIRECTOR 
LLNL 
RMKUKLOL874 
PO BOX 808 
LIVERMORE CA 94550 

DIRECTOR 
LLNL 
GWREPP 
M SHANNON 
BMDORMHALL 
PO BOX 808 
LIVERMORE CA 94550 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES 

4 ENERGETIC MATERIALS RSCH 
TESTING CTR 
NEW MEXICO TECH 
DJ CHAVEZ 
LLIBERSKY 

1 

F SANDSTROM 1 
M STANLEY 
CAMPUSSTATION 
SOCORRONM 87801 

3 NASA 
JOHNSON SPACE CENTER 
E CHRISTIANSEN 
J L CREWS 
FHORZ 
MAIL CODE SN3 

1 

2101 NASA RD1 1 
HOUSTON TX 77058 

APPLIED RESEARCH LAB 
J A COOK 
10000 BURNETT ROAD 
AUSTIN TX 78758 

JET PROPULSION LABORATORY 
IMPACT PHYSICS GROUP 
ZSEKANINA 
PWEISSMAN 
BWEST 
JZWISSLER 
MADAMS 
4800 OAK GROVE DR 
PASADENA CA 91109 

CALTECH 
J SHEPHERD MS 105 50 
A PINGERSOLL MS 170 25 
1201 E CALIFORNIA BLVD 
PASADENA CA 91125 

CALTECH 
G ORTON MS 169 237 
4800 OAK GROVE DR 
PASADENA CA 91007 

DREXEL UMVERSITY 
MEM DEFT 
32ND & CHESTNUT ST 
PHILADELPHIA PA 19104 

ORGANIZATION 

GEORGIA INST OF TECHNOLOGY 
COMPUTATIONAL MODELING CTR 
SATLURI 
ATLANTA GA 30332-0356 

GEORGIA INST OF TECHNOLOGY 
SCHOOL OF MAIL SCIENCE & ENG 
KLOGAN 
ATLANTA GA 30332-0245 

IOWA STATE UNIVERSITY 
DEPT PHYSICS AND ASTRONOMY 
JROSE 
34 PHYSICS 
AMES IA 50011 

JOHNS HOPKINS UNIVERSITY 
MAT SCI & ENGNG DEPT 
MLI 
102 MARYLAND HALL 
3400 N CHARLES ST 
BALTIMORE MD 21218-2689 

JOHNS HOPKINS UNIVERSITY 
APPLIED PHYSICS LAB 
TRBETZER 
AR EATON 
RHKEITH 
DKPACE 
RLWEST 
JOHNS HOPKINS ROAD 
LAUREL MD 20723 

LOUISIANA STATE UNTVERSITY 
RW COURIER 
948WYLIEDR 
BATON ROUGE LA 70808 

NC STATE UNTVERSITY 
Y HORTE 
RALEIGH NC 27695-7908 

SOUTHWEST RESEARCH INST 
C ANDERSON 
SAMULLIN 
J RIEGEL 
J WALKER 
PO DRAWER 28510 
SAN ANTONIO TX 78228-0510 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES 

1 SUNY STONY BROOK 
DEPT APPL MATH & STAT 
J GLIMM 
STONY BROOK NY 11794 

1 

UC BERKELEY 
MECHANICAL ENG DEPT 
GRADUATE OFFICE 
KLI 
BERKELEY CA 94720 

UC DAVIS 
INST OF THEORETICAL DYNAMICS 
E G PUCKETT 
DAVIS CA 95616 

ORGANIZATION 

UNIVERSITY OF PENNSYLVANIA 
PAHEINEY 
DEPT OF PHYSICS & ASTRONOMY 
209 SOUTH 33RD ST 
PHILADELPHIA PA 19104 

UNTVERSITY OF PUERTO RICO 
DEPT CHEMICAL ENGINEERING 
L A ESTEVEZ 
MAYAGUEZ PR 00681-5000 

UNIVERSITY OF TEXAS 
DEPT OF MECHANICAL ENG 
E P FAHRENTHOLD 
AUSTIN TX 78712 

UC SAN DIEGO 
DEPT APPL MECH & ENGR 
SVCSR011 
SNEMAT NASSER 
MMEYERS 
LA JOLLA CA 92093-0411 

UNIV OF AL HUNTSVILLE 
AEROPHYSICS RSCH CTR 
G HOUGH 
DJLIQUORNIK 
PO BOX 999 
HUNTSVILLE AL 35899 

UNTV OF AL HUNTSVILLE 
MECH ENGNRNG DEPT 
WP SCHONBERG 
HUNTSVILLE AL 35899 

UMVERSITY OF DAYTON 
RESEARCH INSTTTUTE 
NBRAR 
APIEKUTOWSKI 
300 COLLEGE PARK 
DAYTON OH 45469-0182 

UNTVERSITY OF DELAWARE 
DEPT OF MECHANICAL ENG 
J GILLESPIE 
JVINSON 
DWILKINS 
NEWARK DE 19716 

VIRGINIA POLYTECHNIC INST 
COLLEGE OF ENGINEERING 
DEPT ENG SCI & MECHANICS 
RCBATRA 
BLACKSBURG VA 24061-0219 

AEROJET 
JCARLEONE 
SKEY 
PO BOX 13222 
SACRAMENTO CA 95813-6000 

AEROJET ORDNANCE 
PWOLF 
G PADGETT 
1100BULLOCHBLVD 
SOCORRONM 87801 

ALLIANT TECHSYSTEMS INC 
RSTRYK 
G R JOHNSON MN111614 
P SWENSON MN112720 
600 SECOND ST NE 
HOPKINS MN 55343 

MLALME 
2180 LOMA LINDA DR 
LOS ALAMOS NM 87544-2769 

APPLIED RESEARCH ASSOC INC 
JDYATTEAU 
5941 S MIDDLEFDELD RD 
SUITE 100 
LITTLETON CO 80123 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

2 APPLIED RESEARCH ASSOC INC 3 DOW CHEMICAL INC 
DGRADY ORDNANCE SYSTEMS 
FMAESTAS CHANEY 
SUITE A220 A HART 
4300 SAN MATEO BLVD NE BRAFANIELLO 
ALBUQUERQUE NM 87110 800 BUILDING 

MIDLAND MI 48667 
1 APPLIED RESEARCH LABS 

TMKIEHNE 3 DYNA EAST CORP 
PO BOX 8029 PCCHOU 
AUSTIN TX 78713-8029 RCICCARELLI 

WFLIS 
1 ATA ASSOCIATES 3620 HORIZON DPJVE 

WISBELL KING OF PRUSSIA PA 19406 
PO BOX 6570 
SANTA BARBARA CA 93111 3 DYNASEN 

JCHAREST 
1 BATTELLE MCHAREST 

RMDUGAS M LILLY 
7501S MEMORIAL PKY STE101 20 ARNOLD PL 
HUNTSVILLE AL 35802-2258 GOLETACA 93117 

BOEING HOUSTON SPACE STN 
RF GRAVES 
BOX 58747 
HOUSTON TX 77258 

BRIGS CO 
J E BACKOFEN 
2668 PETERSBOROUGH ST 
HERNDON VA 20171-2443 

COMPUTATIONAL MECHANICS 
CONSULTANTS 
JAZUKAS 
PO BOX 11314 
BALTIMORE MD 21239-0314 

CYPRESS INTERNATIONAL 
ACAPONECCHI 
1201EABINGDONDR 
ALEXANDRIA VA 22314 

DESKIN RESEARCH GROUP INC 
E COLLINS 
2270AGNEWRD 
SANTA CLARA CA 95054 

RJEICHELBERGER 
409 W CATHERINE ST 
BEL AIR MD 21014-3613 

ELORET INSTITUTE 
D W BOGDANOFF MS 230 2 
NASA AMES RESEARCH CENTER 
MOFFETT FIELD CA 94035 

EXPLOSrVE TECHNOLOGY 
MLKNAEBEL 
POBOXKK 
FAIRFEELD CA 94533 

GB TECH LOCKHEED 
JLAUGHMAN 
2200 SPACE PARK SUITE 400 
HOUSTON TX 77258 

GB TECH LOCKHEED 
LBORREGOC23C 
J FALCON JRC23C 
2400 NASA ROAD 1 
HOUSTON TX 77058 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

6 GDLS 7 KAMAN SCIENCES CORP 
38500 MOUND RD JELDER 
WBURKEMZ436 2124 RP HENDERSON 
G CAMPBELL MZ436 30 44 DAPYLES 
D DEBUSSCHER MZ436 20 29 FR SAVAGE 
JERIDONMZ436 2124 JA SUMMERS 
W HERMAN MZ 435 01 24 TW MOORE 
S PENTESCU MZ436 21 24 TYEM 
STERLING HTS MI 48310-3200 600 BLVDS SUITE 208 

HUNTSVILLE AL 35802 
GENERAL RESEARCH CORP 
TMENNA 
PO BOX 6770 
SANTA BARBARA CA 93160-6770 

RAYTHEON MSL SYS CO 
TSTURGEON 
BLDG 805 M/S D4 
PO BOX 11337 
TUCSON AZ 85734-1337 

INST FOR ADVANCED TECH 
SJBLESS 
JCAZAMIAS 
J DAVIS 
HDFAIR 
DLITTLEFIELD 
3925 W BRAKER LN SUITE 400 
AUSTIN TX 78759-5316 

INTERNATIONAL RSRCH ASSOC 
DLORPHAL 
4450 BLACK AVE 
PLEASANTON CA 94566 

ITT SCIENCES AND SYSTEMS 
JWILBECK 
600 BLVD SOUTH 
SUITE 208 
HUNTSVILLE AL 35802 

R JAMESON 
624ROWEDR 
ABERDEEN MD 21001 

KAMAN SCIENCES CORP 
DL JONES 
2560 HUNTINGTON AVE STE 200 
ALEXANDRIA VA 22303 

KAMAN SCIENCES CORP 
S JONES 
GLPADEREWSKI 
RGPONZINI 
1500 GRDN OF THE GODS RD 
COLORADO SPRINGS CO 80907 

D R KENNEDY & ASSOC INC 
D KENNEDY 
PO BOX 4003 
MOUNTAIN VIEW CA 94040 

KTECH CORPORATION 
FWDAVIES 
LMLEE 
901 PENNSYLVANIA NE 
ALBUQUERQUE NM 87110 

LIVERMORE SOFTWARE 
TECH CORP 
JOHALLQUIST 
2876 WAVERLY WAY 
LIVERMORE CA 94550 

LOCKHEED MARTIN ELEC & MSLS 
GW BROOKS 
5600 SAND LAKE RD MP 544 
ORLANDO FL 32819-8907 

LOCKHEED MARTIN MISSLE & 
SPACE 
WREBERLE 
PO BOX 070017 
HUNTSVILLE AL 35807 

LOCKHEED MARTIN MISSILE & 
SPACE 
M A LEVDM ORG 81 06 BLDG 598 
M R MCHENRY 
T A NGO ORG 8110 BLDG 157 
111 LOCKHEED WAY 
SUNNYVALE CA 94088 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES 

4 LOCKHEED MISSILE & SPACE CO 
JR ANDERSON 
WCKNUDSON 
S KUSUMI0 8111BLDG 157 
J PHILLIPS 0 54 50 
PO BOX 3504 

1 

SUNNYVALE CA 94088 1 

LOCKHEED MISSILE & SPACE CO 
R HOFFMAN 
SANTA CRUZ FACILITY 
EMPIRE GRADE RD 
SANTA CRUZ CA 95060 

MCDONNELL DOUGLAS 
ASTRONAUTICS CO 
BL COOPER 
5301BOLSA AVE 
HUNTINGTON BEACH CA 92647 

NETWORK COMPUTING SVCS INC 
THOLMQUIST 
1200 WASHINGTON AVE S 
MINNEAPOLIS MN 55415 

PHYSICAL SCIENCES INC 
PNEBOLSINE 
20 NEW ENGLAND BUS CTR 
ANDOVER MA 01810 

PRIMEX TECHNOLOGIES INC 
GFRAZIER 
L GARNETT 
D OLIVER 
DTUERPE 
JCOFFENBERRY 
2700 MERCED ST 
SAN LEANDRO CA 94577-0599 

PRCINC 
J ADAMS 
5166 POTOMAC DR103 
KING GEORGE VA 22485-5824 

RAYTHEON ELECTRONIC 
SYSTEMS 
R LLOYD 
50 APPLE HILL DPJVE 
TEWKSBURY MA 01876 

ORGANIZATION 

ROCKWELL INTERNATIONAL 
ROCKETDYNE DIVISION 
H LEIFER 
16557 PARK LN CIRCLE 
LOS ANGELES CA 90049 

ROCKWELL MISSILE SYS DrV 
TNEUHART 
1800 SATELLITE BLVD 
DULUTHGA 30136 

SAIC 
MW MCKAY 
10260 CAMPUS POINT DR 
SAN DIEGO CA 92121 

SHOCK TRANSIENTS INC 
DDAVISON 
BOX 5357 
HOPKINS MN 55343 

SIMULATION & ENG CO INC 
EIMULLINS 
S E MULLINS 
8840 HWY 20 SUITE 200 N 
MADISON AL 35758 

J STERNBERG 
20 ESSEX LN 
WOODBURY CT 06798 

SOUTHERN RESEARCH INST 
LADECKARD 
DPSEGERS 
PO BOX 55305 
BIRMINGHAM AL 35255-5305 

SRI INTERNATIONAL 
JDCOLTON 
DCURRAN 
RKLOOP 
RL SEAMAN 
DASHOCKEY 
333 RAVENSWOOD AVE 
MENLO PARK CA 94025 

TELEDYNE BROWN ENGR 
JWBOOTH 
MB RICHARDSON 
PO BOX 070007 MS 50 
HUNTSVILLE AL 35807-7007 



NO. OF NO. OF 
COPIES   ORGANIZATION COPIES   ORGANIZATION 

1       ZERNOW TECHNICAL SVCS INC ABERDEEN PROVING GROUND 
LZERNOW 
425 W BONITA AVE SUITE 208 AMSRL WMTB 
SAN DMAS CA 91773 R LOTTERO 

JSTARKENBERG 
AMSRL WMTC 

ABERDEEN PROVING GROUND R COATES 
TWBJERKE 

68      DIRUSARL KKIMSEY 
AMSRLSLB MLAMPSON 

J SMITH DSCHEFFLER 
AMSRL SL BA SSCHRAML 

RDIBELKA G SILSBY 
MRITONDO B SORENSEN 
W WINNER R SUMMERS 

AMSRL SLBD W WALTERS 
DBELY AMSRL WMTD 
RGROTE(5CPS) AM DIETRICH 
CHUNT JCOX 
JMORRISSEY DDANDEKAR 
JPLOSKONKA KFRANK 
JPOLESNE(5CPS) MRAFTENBERG 
J ROBERTSON G RANDERS PEHRSON 
L WILSON EJRAPACKI 

AMSRL SL BE M SCHEIDLER 
PKUSS SSCHOENFELD 
MMAHAFFEY SSEGLETES(5CPS) 
R SHNIDMAN T WEERISOORTVA 

AMSRL WMBC AMSRL WM TE 
AZIELINSKI J POWELL 

AMSRL SL BE APRAKASH 
PTANENBAUM 

AMSRL WM BE 
SLHOWARD 

AMSRL WMBD 
AJKOTLAR 

AMSRL WM MB 
G GAZONAS 
CHOPPEL 

AMSRL WM MC 
JM WELLS 

AMSRL WMT 
TW WRIGHT 

AMSRL WMTA 
WGILLICH 
W BRUCHEY 
MBURKINS 
WAGOOCH 
HW MEYER 
JRUNYEON 

AMSRL WMTB 
RFREY 
PBAKER 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

3 AERONAUTICAL & MARITIME 1 CEA 
RESEARCH LABORATORY RCHERET 
NBURMAN CEDEX15 
SCIMPOERU 313 33 RUE DE LA FEDRATION 
DPAUL PARIS 75752 
PO BOX 4331 FRANCE 
MELBOURNE VIC 3001 
AUSTRALIA 1 CEA 

CISI BRANCH 
1 PRBSA P DAVID 

M VANSNICK CENTRE DE SACLAY BP 28 
AVE DE TERVUEREN 168 BTE 7 GIF SURYVETTE 91192 
BRUSSELS B1150 FRANCE 
BELGIUM 

1 CEACESTA 
1 ROYAL MILITARY ACADEMY AGEILLE 

G DYCKMANS BOX2LEBARP33114 
RENAISSANCELAAN 30 FRANCE 
1000 BRUSSELS 
BELGIUM 5 CENTRE LVETUDES DE GRAMAT 

CLOUPIAS 
1 BULGARIAN ACADEMY OF SCI POUTREBON 

SPACE RESEARCH INSTITUTE JCAGNOUX 
VGOSPODINOV C GALLIC 
1000 SOFIA PO BOX 799 JTRANCHET 
BULGARIA GRAMAT 46500 

FRANCE 
CANADIAN ARSENALS LTD 
P PELLETIER 
5 MONTEE DES ARSENAUX 
VILLIE DE GRADEUR PQ J5Z2 
CANADA 

DEFENCE RSCH ESTAB SUFFBELD 
DMACKAY 
RALSTON ALBERTA TOJ 2NO 
RALSTON 
CANADA 

DEFENCE RSCH ESTAB SUFFIELD 
CWEICKERT 
BOX 4000 MEDICINE HAT 
ALBERTA TIA8K6 
CANADA 

DEFENCE RSCH ESTAB 
VALCARTIER 
ARMAMENTS DIVISION 
RDELAGRAVE 
2459PEEX1BLVDN 
PO BOX 8800 
CORCELETTE QUEBEC GOA1R0 
CANADA 

CENTRE DETUDES DE VAUJOURS 
JPPLOTARD 
EBOTTET 
TATSIHNVONG 
BOITEPOSTALEN0 7 
COUNTRY 77181 
FRANCE 

CENTRE DE RECHERCHES 
ET DETUDES D ARCUEIL 
DBOUVART 
CCOTTENNOT 
SJONNEAUX 
HORSINI 
SSERROR 
FTARDIVAL 
16 BIS AVENUE PRIEUR DE 
LA COTE DOR 
F94114 ARCUEIL CDEX 
FRANCE 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

1 DATETBSCETAM 1 DIEHLGBMHANDCO 
C ALTMAYER M SCHILDKNECHT 
ROUTE DE GUERRY BOURGES FISCHBACHSTRASSE 16 
18015 D 90552 R(TM)TBENBACH 
FRANCE ADPEGNITZ 

GERMANY 
1 ETBSDSTI 

PBARNIER 4 ERNST MACH INSTITUT 
ROUTE DE GUERAY V HOHLER 
BOITE POSTALE 712 ESCHMOLINSKE 
18015 BOURGES CEDEX E SCHNEIDER 
FRANCE KTHOMA 

ECKERSTRASSE 4 
1 FRENCH GERMAN RSRCHINST D-7800 FREIBURG IBR 7914 

PYCHANTERET GERMANY 
CEDEX 12 RUE DE HNDUSTRIE 
BP301 
F68301 SAINT LOUIS 
FRANCE 

FRENCH GERMAN RSRCH INST 
H-J ERNST 
FJAMET 
P LEHMANN 
KHOOG 
HFLEHR 
CEDEX 5 5 RUE DU GENERAL 
CASSAGNOU 
SAINT LOUIS 68301 
FRANCE 

BATTELLEINGENIEUTECHNIK 
GMBH 
WFUCHE 
DUESSELDORFFER STR 9 
ESCHBORN D 65760 
GERMANY 

FRAUNHOFER INSTITUT FUER 
KURZZEITDYNAMIK 
ERNST MACH INSTITUT 
H ROTHENHAEUSLER 
HSENF 
E STRASSBURGER 
KLINGELBERG 1 
D79588 EFRINGEN KIRCHEN 
GERMANY 

IABG 
MBORRMANN 
HG DORSCH 
EINSTEINSTRASSE 20 
D 8012 OTTOBRUN B MUENCHEN 
GERMANY 

INGENIEURBRO DEISENROTH 
AUFDEHARDT33 35 
D5204LOHMAR1 
GERMANY 

CONDAT 
JKIERMEIR 
MAXIMILIANSTR28 
8069 SCHEYERN FERNHAG 
GERMANY 

DEUTSCHE AEROSPACE AG 
MHELD 
POSTFACH 13 40 
D 86523 SCHROBENHAUSEN 
GERMANY 

TU CHEMNITZ-ZWICKAU 
IFABER 
L KRUEGER 
L MEYER 
FAKULTAETFUER 
MASCHINENBAU U 
VERFAHRENSTECHNIK 
SCHEFFELSTRASSE 110 
09120 CHEMNITZ 
GERMANY 

TUMNCHEN 
EIGENBERGS 
ARCISSTRASSE 21 
8000MNCHEN2 
GERMANY 



NO. OF 
COPIES   ORGANIZATION 

NO. OF 
COPIES   ORGANIZATION 

RAFAEL BALLISTICS CNTR 
EDEKEL 
YPARTOM 
G ROSENBERG 
Z ROSENBERG 
YYESHURUN 
PO BOX 2250 
HAIFA 31021 
ISRAEL 

TECHNIONINST OF TECH 
FACULTY OF MECH ENGNG 
SBODNER 
TECHNION CITY 
HAIFA 32000 
ISRAEL 

IHI RESEARCH INSTITUTE 
STRUCTURE & STRENGTH 
TSHIBUE 
115TOYOSU3 
KOTO TOKYO 135 
JAPAN 

ESTEC CS 
DCASWELL 
BOX200NOORDWIJK 
2200 AG 
NETHERLANDS 

PRINS MAURITS LABORATORY 
HJREITSMA 
EVAN RIET 
HPASMAN 
RYSSELSTEIN 
TNOBOX45 
RIJSWIJK2280AA 
NETHERLANDS 

INSTITUTE FOR PROBLEMS IN 
MECH ENGINEERING RAS 
VBULATOV 
DINDEITSEV 
AKRIVTSOV 
YMESCHERYAKOV 
BOLSHOYPRV0 61 
ST PETERSBURG 199178 
RUSSIAN REPUBLIC 

INSTITUTE OF MINEROLOGY & 
PETROGRAPHY 
VADREBUSHCHAK 
UNTVERSITETSKI PROSPEKT 3 
630090 NOVOSIBIRSK 
RUSSIAN REPUBLIC 

IPERAS 
AABOGOMAZ 
DVORTSOVAIA NAB 18 
ST PETERSBURG 
RUSSIAN REPUBLIC 

LAVRENTYEVINST 
HYDRODYNAMICS 
LAMERZHIEVSKY 
VVSILVESTROV 
630090 NOVOSIBIRSK 
RUSSIAN REPUBLIC 
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